ABSTRACT: Vitamin A (retinoic acid) is known to be an adipogenic factor influencing both in vitro and in vivo cell development. This study aimed to determine its effect on lamb adipose tissue development during the early phase of postnatal development until 100 d of age. Male lambs (n = 24) of the Rasa Aragonesa breed were used. At birth, lambs were assigned to 1 of 2 experimental groups: 1) the control (C) group, which received feed without vitamin A supplementation, and 2) the vitamin A (V) group, which received a supplement of 500,000 IU/animal twice per week from birth to slaughter. The effect of vitamin A supplementation was studied at 16.8 ± 0.35 kg of BW (58 ± 0.7 d of age) and at 27.8 ± 0.78 kg of BW (101 ± 6.5 d of age). The variables of lamb growth, carcass, LM area, and lipid content were analyzed. To study adipose tissue development, the amount of adipose tissue accumulated, the size and number of adipocytes, and lipogenic enzyme activities (glycerol 3-phosphate dehydrogenase, fatty acid synthase, and glucose 6-phosphate dehydrogenase) of the omental, perirenal, and s.c. depots were quantified. Results showed that vitamin A supplementation had no influence on growth, carcass variables, LM area, and lipid content during lamb growth but that the number of adipocytes in the perirenal depot was 30% greater in lambs of the V group (P < 0.05) and that these lambs had smaller adipocytes in the omental and perirenal depots (P = 0.06) at 28 kg of BW (101 d of age). These results suggest that the intake of this level of vitamin A during the whole period of growth of the lambs influenced the processes of hyperplasia and hypertrophy in the different adipose depots, depending on their degree of maturity.
INTRODUCTION
Different nutritional agents such as PUFA, CLA (Amri et al., 1994; Azain, 2004) , and vitamin A (Kawada et al., 1996) have been reported to influence the adipocyte differentiation process. These compounds are regarded as having the potential to modify the cellularity and amount of total fat in adipose depots. Other in vitro studies using cultured cell lines and preadipocytes have demonstrated that vitamin A can have a stimulating or inhibitory effect on the culture medium, depending on its concentration (Sato et al., 1980; Brandebourg and Hu, 2005) . Few studies, some of them contradictory, have analyzed the effect of vitamin A in ruminants in vivo. Payne and Watkins (1997) found that administration of 340 mg of retinol/animal twice a week to lambs between 30 and 46 kg of BW had no effect on the amount of fat. Arnett et al. (2007) showed that 6,600 IU/kg of vitamin A in the diet of lambs between 28 and 61 kg of BW increased i.m. lipid content and marbling score. In both studies, the initial BW corresponded to phases of development when the hyperplasia, at least in some depots, could have been completed or in an advanced phase.
Previous studies showed that in Rasa Aragonesa lambs between birth and 36 kg of BW, hyperplasia was completed in the perirenal (p.r.) depot earlier than in omental (o.m.) and s.c. depots . It was then hypothesized that if there is an effect of vitamin A on the development of adipose tissue, it would be more evident in the early phases of life and on the early developing depots, such as the p.r. Therefore, the objective of this work was to determine the effect of early vitamin A supplementation on adipose tissue development, especially on the cellularity of adipose tissue, for Rasa Aragonesa lambs from birth to 28 kg of BW (100 d of age).
MATERIALS AND METHODS
The care and use of the lambs followed European guidelines (European Community, 1999) . Those in the vitamin A treatment were watched daily and no negative effects on their general health condition were observed.
Animals and Diets
In this study, single-born male Rasa Aragonesa lambs (n = 24) were used. After birth, the lambs were randomly assigned to 1 of 2 experimental groups, 1) control (C; n = 12) or 2) vitamin A (V; n = 12), and remained with their mothers until weaning (16.8 ± 0.35 kg of BW and 58 ± 0.7 d of age). During the lactation period, ewes received a daily ration consisting of 400 g of alfalfa hay; 700 g of concentrate feed with soybean cake as the basic source of protein, and 700 g of barley straw.
The vitamin A supplement was administered twice a week to the lambs in the V treatment as capsules containing retinol palmitate (5 × 10 5 IU). Administration of vitamin A was carried out with capsules to ensure that the lambs ingested it. Capsules were administered by a trained operator using a tube onto the posterior part of the tongue at the back of the oral cavity to induce the voluntary swallowing reflex. A preliminary assay to assess the effect of capsule intake on serum retinol metabolites was performed: vitamin A precursor capsules were administered to 6 lambs with characteristics similar to those of the lambs used for this study. Blood samples (5 mL) were taken before capsule intake and at 24, 48, and 72 h after ingestion. The blood samples were handled as described below. We observed that the serum metabolites related to retinol transport (retinol palmitate) increased after administration and that the concentrations were restored to a normal concentration 72 h after administration of the capsules (Table 1) . Therefore, the vitamin A capsules were administered twice per week.
When the lambs were 30 d of age, a commercial concentrate starter (92.5% OM, 17.5% CP, 4.7% ether extract, 5.1% CF of DM) was offered until weaning (17 kg of BW, 58 d of age). The day after weaning, 6 lambs from the C treatment and 6 from the V treatment were randomly selected and slaughtered. The weight of the liver was recorded, the amounts of fat in the different adipose depots were measured, and samples were taken to analyze the size and number of adipocytes, lipogenic enzyme activities, and serum retinol concentration.
The remaining 12 lambs were kept in individual pens from weaning to the end of the experiment (27.8 ± 0.78 kg of BW and 101 ± 6.5 d of age). The lambs were fed a commercial pellet feed (94.4% OM, 16.0% CP, 2.18% ether extract, 5.7% crude fiber, 2.70 Mcal of ME/kg of DM, and 8,500 IU/kg of vitamin A) and barley straw (cut into lengths of 5 cm), both ad libitum. Vitamin A capsules of the same doses as indicated were administered to the lambs in the V treatment twice a week. The amounts of concentrate feeds offered and rejected were weighed daily. Lambs were weighed before feeding in the morning once a week and slaughtered when the mean BW of the group reached 28 kg.
Blood samples were taken at the beginning and at the end of this experimental phase (5 mL) to quantify serum retinol concentrations by HPLC. Samples were immediately removed from direct light and allowed to clot before chilling on ice. Blood tubes were carried to the laboratory and allowed to cool in a dark refrigerator at 4°C for 24 h. Tubes were centrifuged for 25 min at 2,000 × g and 4°C. Serum was extracted and frozen at −80°C. Liver samples were wrapped in aluminum foil and frozen at −80°C. Retinol compounds from the serum and liver were extracted with hexane before injection into the HPLC system. The HPLC procedure was described by Olmedilla et al. (1997) .
Amount of Adipose Tissue and Carcass Determinations
Immediately after slaughter, carcasses were weighed (HCW), the liver was removed and weighed, and a veterinary inspection was carried out to explore for any anomalies. Liver samples from the lambs slaughtered at 28 kg of BW were taken (10 g) and immediately (5 min postmortem) frozen in liquid nitrogen to determine retinol concentration (HPLC). The total o.m. adipose tissue was removed and weighed.
After chilling for 24 h at 4°C, carcasses were weighed (cold carcass weight). Perirenal adipose tissue from both kidneys and the pelvic region was removed and weighed. The left shoulder was removed according to the method described by Colomer et al. (1987) , weighed, and stored at 4°C for analysis. Bone, muscle, and adipose tissue of the left shoulder were determined gravimetrically after dissection by using the method of Colomer et al. (1988) . The tissue composition of the shoulder is considered to be representative of the whole carcass (Boccard et al., 1976) . The LM area on the 10th rib and its content of i.m. fat or marbling were determined by image analysis (Mendizabal et al., 2005) .
Adipocyte Cellularity and Enzyme Activity
Within 10 min after slaughter, 10-g samples of o.m., p.r., and s.c. adipose depots for adipocyte size determination and 5-g samples for quantification of enzyme activities were taken from the medium region of the major epiploon (o.m.), the cranial region of the left perirenal fat (p.r.), and the medium region (serratus ventralis muscle) of the left shoulder (s.c.). Samples for adipocyte size determination were placed in glass test tubes containing 10 mL of Tyrode's solution (0.15 M NaCl, 6 mM KCl, 2 mM CaCl 2 , 6 mM glucose, 2 mM NaHCO 3 ), pH 7.62, at 39°C and transported to the laboratory (20 min). Adipocytes were separated by using the collagenase digestion technique (Rodbell, 1964) . The diameter of approximately 200 adipocytes from each depot was measured by using an image analyzer program (Biocom, Photometric Image Analysis System, Les Ulis, France) to obtain a whole depot measurement accuracy between 1 and 2 µm, as described by Mendizabal et al. (1997) . Corresponding cell volumes were calculated from the diameters, and these values were used to calculate the average cell volume. Numbers of o.m., p.r. and s.c. adipose cells in the left shoulder were calculated by using the mean cell volume values, the chemical lipid content was calculated by ether extraction (Soxhlet method, ISO 1443; International Organization for Standardization, 1973) , and the lipid density was calculated (0.915 g/mL; Keys and Brozek, 1953) , assuming adipocytes were spherical (lipid weight × chemical lipid content/0.915 × mean adipocyte volume).
Samples for enzyme activity determinations were frozen in liquid nitrogen and stored at −80°C until the quantification analysis. Lipogenic enzyme activity of glycerol 3-phosphate dehydrogenase (G3PDH; EC 1.1.1.8), fatty acid synthase (FAS; EC 2.3.1.85), and glucose 6-phosphate dehydrogenase (G6PDH; EC 1.1.1.49) were determined by spectrophotometry by using the procedures described by Soret et al. (1998) .
Statistical Analysis
The effect of vitamin A supplementation was subjected to ANOVA by using the SPSS statistical package (SPSS Inc., Chicago, IL). Previously, adipose tissue weight, adipocyte number and enzyme activities were logarithmically (log 10 ) transformed to satisfy the conditions of normality. The model used is as follows:
where y ijk are the growth and carcass variables, adipocyte diameter and number, and enzyme activities; µ is the mean value, G i is the fixed effect of group (i = 1: control; i = 2: vitamin A); W j is the fixed effect of BW at slaughter (j = 1: 17 kg; j = 2: 28 kg); G i × W j is the fixed effect of the group × BW interaction; and e ijk is the random residual effect.
RESULTS

Retinol Concentrations
Serum retinol concentration was measured at birth and at 17 and 28 kg of BW. There were no differences in serum retinol at birth (Figure 1 ). As the lambs grew and received the vitamin A supplement, the serum retinol concentration was different in both groups of lambs, being greater in lambs of the V group at 17 and 28 kg of BW (P < 0.05). The concentration of retinol in the liver at 28 kg of BW was 6-fold greater in V lambs than in C lambs (23.59 vs. 3.98 µg/g of tissue; P < 0.001). These results show that the lambs that received the vitamin A supplement had increased serum and liver retinol concentrations.
Growth and Carcass Variables
Growth and carcass variables were similar in the C and V groups ( Table 2 ). The amount of o.m. and p.r. fat; the amount of s.c. and i.m. fat, muscle, and bone obtained from dissection of the shoulder; and the area and fat percentage of LM were also similar between the 2 groups (Table 2) .
Adipocyte Cellularity and Lipogenic Enzyme Activity
The interaction between the factors of group and BW for adipocyte size was significant in the o.m. and p.r. depots (P = 0.043 and P = 0.021, respectively) and tended to be significant in the s.c. depot (P = 0.090; Table 3 ). Therefore, the different groups of lambs were Figure 1 . Retinol serum concentrations (mean ± SE) in lambs from the control and vitamin A (500,000 IU of retinol palmitate twice per week) groups at birth and when slaughtered at 17 and 28 kg of BW (P < 0.05 at 17 and 28 kg of BW; 6 lambs/group and BW).
Vitamin A effect on lamb adipose tissue analyzed separately (Figure 2 ). As the BW of lambs increased, there was an increase in cell size in the o.m. (P < 0.05) and s.c. depots (P < 0.001) only in lambs of the C group. In contrast, in the p.r. depot there was an increase in cell size in both groups of lambs, but the increase was of a greater magnitude in the C group (P < 0.001) that in the V group (P = 0.06).
There was a trend for a treatment × BW interaction in the number of adipocytes in the p.r. (P = 0.098) and s.c. depots (P = 0.058; Table 3 ). Therefore, the groups of lambs were also analyzed separately ( Figure  3) . In both depots, the number of cells did not change as the lambs in the C group developed, but there was a significant increase in the number of cells in lambs of the V group (P = 0.09 for the p.r. depot, and P < 0.01 for the s.c. depot). In the o.m. depot, the number of adipocytes increased in both groups as the animals grew (P < 0.05 in the C group and P < 0.01 in the V group). Lipogenic enzymatic activity of G3PDH in the o.m. (P < 0.051), and of FAS (P < 0.050) and G6PDH (P < 0.088) in the p.r. was greater in the C group than in the V group (Table 3) .
DISCUSSION
Adipose tissue influences both carcass and meat quality and the efficiency of production. In general, a reduction in the internal and s.c. fat depots, but the maintenance of i.m. fat, is desirable in all meat animals (Wood, 1990) . To be able to modulate the mechanisms regulating fat accretion in growing animals, it is necessary to understand the processes involved in the development of adipose tissue. The growth of this tissue occurs by a combination of hyperplasia (increased cell numbers) and hypertrophy (increased cell size) (Vernon, 1980), and it is of interest to note that the different depots do not develop at the same time or with the same intensity (Vernon, 1986) . Therefore, it is important to gain a better understanding of the mechanisms regulating adipocyte differentiation in a depot-specific manner. Likewise, it is important to identify factors with the potential to influence the adipocyte differentiation processes, depending on the depot.
Development and metabolism of the adipose tissue in the local breed Rasa Aragonesa has been studied previously (Mendizabal et al., 1997; Arana et al., 1998; Soret et al., 1998) . The results obtained with Rasa Aragonesa lambs showed that there was no detectable hyperplasia in the p.r. depot at 12 kg of BW (32 d of age). Thus, the weight increase of this depot between 12 and 36 kg of BW must account for the changes in cell size. However, development of the o.m., s.c., and i.m. adipose depots was due to both adipocyte hyperplasia and hypertrophy .
Vitamin A or its active metabolite, retinoic acid (RA), could be one of the agents that influence preadipocyte differentiation and may therefore be a means by which producers could manipulate adipose tissue development in meat animals (Pyatt and Berger, 2005) . As mentioned, in Rasa Aragonesa lambs, the contribution of the processes of hyperplasia and hypertrophy to the development of each depot was different. Therefore, Figure 2 . Changes in the adipocyte size (mean ± SE) of omental (OM), perirenal (PR), and subcutaneous (SC; obtained from the left shoulder) fat depots in lambs from the control (C) and vitamin A (V; lambs were fed 500,000 IU of retinol palmitate twice per week) groups slaughtered at 17 and 28 kg of BW (6 lambs/group and BW). Levels of significance: **P < 0.01, ***P < 0.001.
Vitamin A effect on lamb adipose tissue our goal in this study was to determine the effects of vitamin A supplementation in lambs on cellularity in different adipose tissue depots.
Although no differences were observed in the amount of fat between the C and V treatments, there were differences in adipose tissue cellularity. The p.r. depot matures earlier than the o.m. and s.c. depots (Kempster, 1980 (Kempster, -1981 Wood et al., 1980) and therefore completes hyperplasia earlier than the other depots (Broad et al., 1980) . Hypertrophy of the p.r. depot from 17 to 28 kg of BW occurred at a greater rate in lambs of the C group than in lambs of the V group, whereas hyperplasia was observed only in lambs of the V group during that period (P = 0.090). There was no p.r. hyperplasia from 12 kg of BW onward in the lambs of this breed . We hypothesized that the effects of vitamin A administration could not be seen when vitamin A was administered from weaning instead of immediately after birth, because the duration of vitamin A supplementation might not have been sufficient to produce the expected effects.
The enzymes FAS and G6PDH had greater activities in the p.r. depot in lambs of the C group, which agrees with the greater hypertrophy observed in these adipocytes. This corroborates the positive relationship between adipocyte size and lipogenic enzyme activity (Vernon, 1986; Eguinoa et al., 2003) .
Previous results showed that in the o.m. and s.c. depots, the process of hyperplasia occurs over a longer period than in other depots . It seems that in the V lambs between 17 and 28 kg of BW (58 and 101 d of age), adipocyte hypertrophy was retarded, whereas there was an increase in the number of cells. The lower activity of G3PDH in the o.m. depot could be related to the lower hypertrophy shown by those adipocytes. Payne and Watkins (1997) found that feeding lambs from 30 to 46 kg of BW with diets containing retinol in doses equivalent to the ones used in this work did not influence the amount of s.c. fat, but that there was a decrease in adipocyte diameter. Although the main site for storage of retinoids is the liver, adipose tissues also have the ability to accumulate substantial amounts of retinoids in a dose-dependent manner (Zovich et al., 1992) . Another characteristic of retinoid storage in the adipose tissue is that differentiation of precursor cells into adipocytes is associated with the accumulation of intracellular retinoids (Villarroya et al., 1999) . Taken together, these observations would suggest that lambs in the V group had greater concentrations of RA in Figure 3 . Changes in the adipocyte numbers (mean ± SE) in omental (OM), perirenal (PR), and subcutaneous (SC; obtained in the left shoulder) fat depots in lambs from the control (C) and vitamin A (V; lambs were fed 500,000 IU of retinol palmitate twice per week) groups slaughtered at 17 and 28 kg of BW (6 lambs/group and BW). Levels of significance: *P < 0.05, **P < 0.01. their adipocytes, which in turn would influence the differentiation process.
In ruminants, some authors observed that in growing steers there was no effect of vitamin A intake on fat accumulation (Matsuzaki et al., 1998; Bryant et al., 2004) , whereas in other studies, a negative correlation was found between the serum retinol concentrations and marbling during fattening (Oka et al., 1992 (Oka et al., , 1998 Torii et al., 1996; Adachi et al., 1999; Nade et al., 2003) . Gorocica-Buenfil et al. (2007) found no differences in growth variables or amount of fat and cellularity of the s.c. adipose depot between steers fed a low dose of vitamin A (1,300 IU/kg of DM) and steers fed a larger dose (3,700 IU/kg of DM), but marbling scores were 10% greater in steers on the low vitamin A dose, and there was apparently greater hyperplasia in the i.m. depot. Differences in the results could be explained by differences in the design of the experiments because the age of the animals and the length of vitamin A supplementation could influence vitamin A depletion when studying the effect of low vitamin A concentrations. In addition, other factors such as the breeds used, the dietary energy substrates, and the level of vitamin A intake could have contributed to the differences reported (Pyatt and Berger, 2005; GorocicaBuenfil et al., 2007) .
Similar to the results in steers, the results of the present study showed that supplementation of lamb diets with vitamin A had no effect on the amount of fat accumulated in the o.m., p.r., and s.c. depots. Nevertheless, vitamin A supplementation seemed to change the cellularity toward a tissue formed by smaller cells but in greater numbers. Even though the i.m. depot was not studied in this work, Arnett et al. (2007) showed that in steers there was a negative correlation between retinoids and marbling, whereas in lambs there was an increase in the i.m. fat when lambs were fed diets supplemented with vitamin A.
Our results, as well as the results of other authors, showed that there were differences between species and also between depots (Payne and Watkins, 1997; Gorocica-Buenfil et al., 2007) . The reasons for these differences between species and depots remains unknown, but the causes might be found at the cellular and molecular level. Adipocyte differentiation is regulated by the coordinated and sequential expression of transcriptional activators belonging to the families of the cytidine-cytidine-adenosine-adenosine-thymidine/ enhancer-binding protein (C/EBP) and peroxisome proliferator-activated receptors (PPAR), which activate adipocyte-specific genes. Retinoic acid has been shown to block adipocyte differentiation at the early stages of the process through down-regulation of C/ EBPα and PPARγ in the 3T3-L1 cell line (Schwarz et al., 1997) .
Nevertheless, the effects of RA seem to be dependent on metabolite concentration and the stage of cell differentiation. Safonova et al. (1994) found that RA at physiological concentrations (0.1 to 10 nM) induced differentiation in Ob17 and rat preadipocytes; in contrast, Sato et al. (1980) found that differentiation of ST13 preadipocytes was inhibited in a reversible manner by a nontoxic dose of vitamin A. In cultured s.c. lamb preadipocytes, the effect of RA on differentiation was dependent on RA concentration. Thus, 10 and 1 µM inhibited G3PDH activity, but no such effect was found at smaller concentrations (Soret et al., 2000) . Also in cultured lamb preadipocytes, addition of RA at 10 µM reduced the number of differentiated cells and inhibited the level of expression of the transcription factors CEBPα and PPARγ, with a greater effect in s.c. cells compared with o.m. cells (Martínez et al., 2006) .
In contrast to the results in steers and in the in vitro experiments using lamb preadipocytes, in growing lambs in vivo a large concentration of vitamin A seemed to provoke greater development of the i.m. fat and induce adipocyte hyperplasia in other depots. The reasons for these differences are unknown, but it seems plausible that other factors must be involved in addition to the role of RA blocking the transcription of CEBPα and PPARγ. Vitamin A has other effects on tissues, such as inducing vasculogenesis (Murano et al., 2005) , which in turn could increase the availability of nutrients to adipocytes and therefore fatty acid uptake (Gorocica-Buenfil et al., 2007) , favoring preadipocyte differentiation.
In conclusion, the results of the current study suggest that the level of vitamin A intake during the growth of lambs influences the processes of hyperplasia and hypertrophy in a depot-specific manner, depending on the maturity of the depots. Hyperplasia increases in all depots, but the importance of hypertrophy is dependent on the specific depot. However, to devise methods to modify the adiposity of farm animals, more research is needed on the effects of vitamin A, its mechanism of action, and the factors involved.
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